Abstract: Successful application of fish-revival techniques in commercial fishing prior to release of nontarget species requires clear evidence that recovery devices do indeed improve physiological status and minimize postcapture delayed mortality. This study provides such evidence for a newly designed recovery box (Fraser box) that assisted gill ventilation. Immediately after capture by gillnet, adult coho salmon (Oncorhynchus kisutch) were in a state of severe metabolic exhaustion and stress, based on a comprehensive analysis of plasma and muscle tissue. However, when placed in a Fraser recovery box for 1-2 h, both lethargic and vigorous fish showed significant metabolic recovery and their ability to swim was also quickly restored. An emphatic demonstration of the benefit of the Fraser box was the successful revival of >90% of fish that appeared dead at capture. Furthermore, postcapture delayed mortality was only 2.3% after a 24-h observation period. Therefore, in the context of commercial salmon gillnet fishing, revival of nontarget coho salmon in a Fraser box, in combination with a soak time (total time the gillnet is in the water) £ 70 min and careful fish handling to minimize physical trauma, could improve physiological status, restore swimming ability, and markedly reduce postcapture delayed mortality.
Introduction
With certain stocks of Pacific coho salmon (Oncorhynchus kisutch) reduced to alarmingly low levels, coho salmon captured as by-catch in commercial and recreational fisheries represent an unnecessary potential loss to threatened fish stocks. If nontarget fish are discarded after capture, i.e., thrown back with no attempt at revival, they may have a low chance of survival. Estimates of postcapture delayed mortality in commercial fishing or recreational angling range from 0 to 75%, depending on the fishing method used, environmental conditions, and species (e.g., Wardle 1978; Wilkie et al. 1996) . In certain simulated capture conditions, mortality of sablefish (Anoplopoma fimbria) was recently shown to reach 100% (Davis et al. 2001) . Consequently, as part of the selective fishing policy aimed at conservation through the mandatory live release of nontarget species instituted by the Minister of Fisheries and Oceans Canada in 1998, all British Columbia commercial salmon fishing vessels were required to carry and use fish-recovery boxes ("blue boxes"). The intent was that coho salmon would be revived on board the vessel prior to release, with the expectation that the revived fish would have a better chance of survival, escape predation, and be less likely to be recaptured during commercial fishing, increasing their likelihood of successfully migration and reproduction.
The benefits of using fish-recovery boxes prior to live release in a commercial setting are still uncertain (e.g., Ellis 1964; Thompson et al. 1971; Blewett and Taylor 1999) . Perhaps the greatest concern is that, despite efforts at revival, a significant proportion of exhausted salmon can die within 2-8 h, and up to 24 h later, a phenomenon termed postcapture delayed mortality (e.g., Wardle 1978; Wood et al. 1983) . A logistical problem is the slow metabolic recovery from exhaustion in fish compared with amphibians, reptiles, and mammals (Gleeson 1991) , a finding that is well established in the fish physiology literature (e.g., Black 1957; Dobson and Hochachka 1987; Milligan 1996) . Nevertheless, Milligan et al. (2000) recently showed that a more rapid recovery (2 vs. 6 h) can be promoted in exhausted rainbow trout (Oncorhynchus mykiss) if they are allowed to swim moderately fast rather than remain stationary during recovery. Therefore, the possibility exists that commercially caught salmon can recover within approximately 2 h given appropriate holding conditions.
A recent study failed to show appreciable metabolic recovery of coho salmon placed in a blue box (a 50-to 100-L tub with a lid and a running water supply, as required by Fisheries and Oceans Canada) for 30-60 min revival on board commercial salmon fishing vessels (seine, gillnet, and troll) (Farrell et al. 2000) . Only plasma K + levels recovered significantly. Nonetheless, an encouraging finding was a delayed-mortality rate of only 2.4% (Farrell et al. 2000) . The study concluded by criticizing the design of the blue box. Therefore, to specifically address our concerns regarding the recovery-box design, we performed experiments with a Fraser box that incorporated a number of important improvements over the older blue box. Foremost, fish were orientated into flowing water to assist gill ventilation, and the dimensions of the box were such that they limited fish movement, preventing fish from turning around. Also, the rate of water flow was more than ample to meet the estimated maximum oxygen consumption of these adult salmon. Furthermore, an exit door, located at the head end of the recovery box, was in the form of a sluice gate that, once lifted, allowed fish to be returned to the ocean via a water slide, with minimal handling and air exposure. For sampling purposes in the present study, the sluice gate released fish into a trough, where they were rapidly killed. This rapid-sampling procedure greatly reduced concerns expressed in our earlier study about fish handling prior to tissue sampling. In contrast to our earlier study, we obtained conclusive evidence that the physiological status of coho salmon was improved as a result of revival in a Fraser box. Even fish initially ranked as dead when removed from the gillnet were successfully revived. We also performed in-water swim tests on revived fish and we monitored fish for up to 24 h in a netpen to assess postcapture delayed mortality.
Material and methods

Commercial fishing methods
This study was conducted in Alberni Inlet, British Columbia (area 23, subareas 1 and 2), in September and October 1999 on board the CFV Myshkin, a commercial gillnet vessel, in collaboration with Fisheries and Oceans Canada. The gillnet used in the study was a paneled 200-fathom, 12.4-cm (4 7/8 in.), 90-mesh Alaska Twist hung at 2.0:1, and 60-fathom 10.2-cm (4 in.), fourstrand, 60-mesh Alaska Twist hung at 2.2:1. Both nets had weed lines with 10.2-cm (4 in.) beckets. Up to 260 fathoms of net was used with varying soak times (the soak time is the total time the gillnet was in the water, i.e., from first cork in to last cork out). Soak time was usually £ 40 min and never >70 min. Soak times £ 40 min were used in this study to ensure sufficient numbers of fish in a vigorous condition at capture.
A healthy stock of Alberni Inlet coho salmon was targeted for the experiments. Fish were grouped according to their visually ranked condition at capture. Each fish was given a ranking based on established Fisheries and Oceans Canada categories (category 1 = lively and vigorous with no bleeding; category 2 = lively, vigorous, and bleeding; category 3 = lethargic with no bleeding; category 4 = lethargic and bleeding; category 5 = dead, either flaccid or stiff with no sign of ventilatory movements). These experiments focused only on fish in categories 1, 3, and 5 (hereinafter termed vigorous, lethargic, and asphyxiated, respectively). As it turned out, only three fish were observed to be bleeding as a result of capture and were not used here. The visual ranking category of nonbleeding was confirmed by the hematocrit measurement, which averaged~50% for all fish sampled (see Table 1 ), including fish held for 1-24 h post capture. For the experiments that tested the Fraser recovery box, a total of 315 coho salmon (fork length 54-78 cm) were used. Of the total, 176 fish were used for tissue sampling (7-21 fish per treatment group), 102 fish were tested in a swim tunnel (7-15 fish per treatment group), and 2 category 5 fish died during recovery. Another 21 fish recovered in the netpen as part of the assessment of delayed mortality, but were not sampled or swum; they were released alive directly into the ocean. A further 14 fish (category 5) were put in an olddesign blue box (see Farrell et al. 2000) prior to transfer to the netpen to assess delayed mortality.
Recovery-box design
The Fraser recovery box was a 40 × 40 × 90 cm darkened wooden box with a centre divider along its length so that a fish could be placed in either side of the box (details of the design can be obtained via www.mypage.uniserve.ca/~fraserjake). A fastening lid, covered on the underside with foam insulation, prevented fish from escaping. Each side of the box had its own water inflow and outflow at either end of the channel (2.54 cm plumbing; flow rate ³ 0.6 L·s -1 ). The box was filled with seawater. Preliminary experiments using mixed salmon species during a commercial sockeye salmon opening (June-July 1999) at area 3 (Nass/Portland Canal) were used to test flow rates. A flow rate of 0.1 L·s -1 at 9-11°C did not work well, while 0.2 L·s -1 improved the speed with which fish became vigorous. Even so, in Alberni Inlet, a flow rate of 0.2 L·s -1 did not appear to be effective at 12-16°C and therefore 0.6 L·s -1 was used for all experiments. This flow rate was theoretically about twice that needed to meet the estimated maximum oxygen consumption of salmon of this size at this water temperature. Water (12-16°C) was drawn from the ocean at a depth of about 1.5 m by a portable pump. The inflowing water was jetted towards the fish's mouth to provide forced ventilation. The front of the box had a vertical sliding sluice gate that, when lifted, acted as a swimthrough exit door for the fish. A rubber chute was attached to the sluice gate that acted as a water slide so that the fish could swim in a stream of water down the chute and overboard into a netpen or the ocean. The sluice gate and chute arrangement allowed for rapid transfer of fish with minimal scaling and slime loss, as well as limited air exposure. For tissue sampling, the chute led to a V-shaped trough that had a plastic cone at one end to hold the fish's head. Fish were stunned with a blow to the head within 2 s of release.
A transporter box was used to move fish from the vessel to the swim tunnel. Transporter boxes were half the size of the recovery box (to reduce weight) and held only one fish. In addition, a long rubber sleeve was attached to the sluice gate and used to guide the fish directly into the swim tunnel from the transporter box. Again, the sleeve minimized handling and air exposure.
In-water swimming flume
Swimming performance was measured in the ocean using an open-circuit swimming flume. The flume was fashioned out of 29.8 cm i.d. PVC piping and based on a Brett-type swim tunnel design that was used previously for our studies with adult sockeye salmon and rainbow trout in either the laboratory (Jain et al. 1998; Farrell et al. 1998) or the field (K. Tierney and A.P. Farrell, unpublished data) . The section of tubing in which the fish swam was 2 m long and had three viewing ports of clear polycarbonate, one of which acted as the entry-exit door. Metal grids were placed at either end of this swimming section. A hydraulic motor and a 10-in. propeller generated water flow. Large changes in water velocity were achieved by changing the speed (rpm) of the hydraulic pump. Two hydraulic flow control valves were used to make fine changes in water velocity. A velocity meter (Valeport Marine Scientific Ltd., Dartmouth, U.K.) was placed downstream of the fish to monitor water velocity throughout the experiment. The swim tunnel was submersed in the ocean, adjusted in height, and bolted to the side of a 6-m herring skiff. The operator and the equipment were stationed inside the herring skiff, which was anchored to a log boom to limit wave action.
Netpen design
A 12.2 × 12.1 m netpen was secured to a float near to the fishing site at China Creek, Alberni Inlet. This netpen acted as a protective screen against aquatic mammals for six smaller (4 × 5 × 6 ft; 1 ft = 1.305 m) netpens located inside the larger pen. Fish were held in the smaller netpens for a 24-h recovery period after revival in a Fraser box. Three netpens were used to separate vigorous, lethargic, and "dead" fish from the morning catch, while the other three netpens were similarly used for the afternoon catch. The smaller netpens could be drawn up individually, allowing for easier sampling of fish than the larger one. Some of the fish not used for the tissue sampling and swim tests after recovery in the netpen were released to Alberni Inlet.
Experimental protocols
Tissue sampling
As the net was hauled, fish were quickly and carefully removed. If necessary, a mesh was cut to minimize skin damage. The use of appropriate fish-handling techniques minimized physical damage (e.g., very little scale loss occurred) and air exposure (a matter of seconds). Fish were assigned to 1 of 20 treatment groups based on their visual ranking, length of recovery period (no recovery, either 1 or 2 h revival in a Fraser box, or a 24-h recovery period in a netpen), and type of measurement performed. To simulate the effect of air-exposure during handling of fish on a commercial vessel, an additional group of lethargic fish was deliberately air-exposed for 2 min prior to sampling or being placed in a Fraser box.
Fish allowed no recovery were sacrificed immediately. All other fish were immediately placed in a recovery box on board the vessel (or in a transporter recovery box prior to a swim tests) and were not rehandled until tissues were sampled After a fixed recovery period of either 1 or 2 h, the sluice gate to the Fraser box was opened and the fish was stunned immediately. A skeletal muscle sample (approximately 0.5 × 1.0 × 1.0 cm) was quickly (<35 s) excised from below and slightly to the anterior of the dorsal fin. The muscle sample was instantly frozen between metal tongs that had been precooled in dry ice. The frozen tissue was placed in tin foil and stored on dry ice. Directly following the muscle biopsy, blood was drawn by caudal puncture into a 3-mL Vacutainer (containing lithium heparin) and two heparinized hematocrit tubes were filled immediately from the blood sample. The blood samples were stored on crushed ice for <20 min before being centrifuged on board the vessel for 15 min at 1300 × g (Clay Adams Compact II). Hematocrit tubes were centrifuged for 5 min at 8000 rpm in a Clay Adams Readacrit (Parsippany, N.J.). Plasma was aliquoted into 1 mL Eppendorf tubes that were then frozen on dry ice. The muscle and plasma samples were subsequently stored at -80°C until they were analyzed in the laboratory.
For swimming tests, fish were moved in transporter boxes to an in-water swim tunnel using either a small skiff or the vessel. The time taken to transfer fish to the in-water swim tunnel was standardized at 10 min. At the swim tunnel, fish were guided into the swim tunnel inside the rubber sleeve and were given a 10-min habituation period during which the water velocity was 45 cm·s -1 for 5 min and 55 cm·s -1 for a further 5 min. These velocities (<20% of U max (see below)) were sufficient to orientate the fish into the water current and force slow swimming. Fish were considered to be recovering, so revival time before the swim test was considered to be 20 min, 1 h 20 min, or 2 h 20 min. In addition to fixed recovery periods, vigorous and lethargic fish were allowed to recover for various lengths of time until they were visually assessed as "lively," at which time they were transferred to the in-water swim tunnel for testing. The swim-test protocol involved incremental increases in water velocity of 10 cm·s -1 every 2 min until the fish would not swim any faster. If a fish rested on the rear grid, it was encouraged to swim by prodding the tail with a rod inserted through a small hole in the top of the tunnel. Fish were considered fatigued if they rested for >20 s. The maximum swimming velocity for this ramping protocol, U max , was calculated in a manner similar to that used for calculating critical swimming speed (Brett and Glass 1973) , i.e., U max = U f-1 + U f ·t, where U f and U f-1 are the final and penultimate velocity steps and t is the proportion of the 2-min period spent at U f . U max was adjusted for any solid blocking effect (Bell and Trehune 1970) , based on measurements of the fish's dimensions. Fish that refused to swim were recorded as nonswimmers. At the end of the swim test, fatigued fish were gently lifted out of the tunnel and their body dimensions measured prior to release into the surrounding waters of Alberni Inlet.
Netpen recovery and postcapture delayed mortality
Postcapture delayed mortality and physiological status of coho salmon tissues were assessed after a 24-h recovery period. Our earlier study (Farrell et al. 2000) showed a low mortality rate for adult coho salmon placed in a netpen for 24 h, which is expected to occur mostly within 8 h of capture (Wertheimer 1988) . Nonetheless, delayed mortality in non-salmonid species is known to occur much later (weeks) after induction of stress (e.g., Olla et al. 1997) , and the possibility that delayed mortality could have continued after the 24-h observation period cannot be excluded (see Discussion). Coho salmon were transferred from the Fraser box to the netpen once they had revived sufficiently to maintain an upright position. For tissue sampling, fish were removed from the netpen by quietly drawing it up and individually netting and stunning fish. Fish would struggle to a variable extent during this process, but this was unavoidable. To transfer fish to the in-water swim tunnel, it was towed to the netpen. Fish were then individually netted and either placed directly in the swim tunnel or put into a transporter box to assist with the transfer. Fish, especially those ranked as vigorous, struggled to a variable degree during this transfer. Fish were given only a 10-min habituation period before the swim test started.
A total of 87 fish were used in this manner to assess 24-h delayed mortality (i.e., the percentage of surviving fish in a netpen 24-h after capture): 23 fish (14 vigorous and 9 asphyxiated) were used for the swim tests, 41 fish (14 vigorous, 14 lethargic, and 13 asphyxiated) were used for tissue sampling, 21 fish (3 vigorous, 11 lethargic, and 7 asphyxiated) were released alive from the netpen without any tests being performed on them, and 2 fish died during revival.
In addition, a total of 14 asphyxiated fish were used to assess delayed mortality using the old-design blue box. Seven of these fish were not revived in the blue box and one fish escaped from the blue box. Therefore, only six fish were transferred to the netpen.
Analytical techniques
The physiological status of fish was assessed by measuring muscle glycogen, lactate, glucose, adenosine triphosphate (ATP), and phosphocreatine (PCr) levels, plasma lactate, glucose, and cortisol levels (indicators of exhaustion and stress), hematocrit (an indicator of bleeding and stress), and plasma osmolality and ion (Na + , K + , and Cl -) concentrations (indicators of ionic and osmotic imbalance).
Plasma
Plasma lactate and glucose concentrations were measured using a YSI 2300 lactate/glucose analyzer (Yellow Springs Instruments). Plasma samples were thawed immediately before use, vortexed for 30 s, spun in a centrifuge for 2 min at 2000 rpm, and then aspirated into the analyzer. The analyzer was set to automatically calibrate after every five measurements (precision was 0.2 mmol·L -1 for lactate and 0.1 mmol·L -1 for glucose). Duplicate samples were within 2% of each other. For ion analysis, plasma samples were thawed, vortexed, and centrifuged for 5 min immediately before analysis. Plasma chloride concentrations were measured in duplicate using a model 4425000 Haake Buchler digital chloridometer. The measurements were repeated if disagreement between duplicates was greater than 2.5 mmol·L -1 . The chloridometer was checked against a chloride standard (100 mmol·L -1 Cl -) before and during the process (approximately every 10 duplicates). Plasma sodium and potassium concentrations were measured using a model 510 Turner flame photometer. Plasma aliquots (5 m L) were diluted 1:200 with a prepared 15 mmol·L -1 lithium diluent for analysis. The machine was calibrated prior to use and checked against a standard approximately every six samples. Measurements were repeated if the disagreement between duplicates was >2%. Osmolality was measured in duplicate on 10-mL samples using a model 5500 Wescor Vapour Pressure meter. The thermocouple heads were cleaned periodically to maintain consistency. Measurements were repeated if the disagreement between duplicates was >3%. Plasma cortisol concentrations were measured in duplicate using 96-well ELISA kits (Neogen Corp., Lexington, Ky.) and suitable dilutions of the plasma.
Muscle
Muscle tissue was powdered under liquid nitrogen using a precooled mortar and pestle. Approximately 500 mg of powdered tissue was added to a precooled, preweighed vial containing 1 mL of ice-cold 0.6 M perchloric acid (PCA). Each vial was reweighed and made up to a final dilution of seven volumes (vol·wt -1 ). The PCA extracts were homogenized on ice for 2 × 15 s at maximum speed with an Ultraturex tissue homogenizer. An aliquot was immediately frozen in liquid nitrogen for determination of glycogen. The remaining PCA extract was then centrifuged for 2 min at 13 000 rpm in a microcentrifuge. A known volume of supernatant was immediately removed and neutralized with a saturated potassium carbonate solution. The neutralized extracts were stored at -80°C until analysis. Glycogen was digested with amyloglucosidase (Bergmeyer 1983 ) and glucosyl units were determined on the YSI 2300 StatPlus lactate/glucose analyzer. Final glycogen levels were determined after subtracting muscle glucose values. Muscle glucose and lactate concentrations in the extracts were determined with the analyzer as above. Muscle PCr and ATP concentrations were determined enzymatically by following the production of nicotinamide adenine dinucleotide phosphate at 340 nm (Bergmeyer 1983) .
Statistical analysis
Given the well-established physiological changes associated with exhaustive exercise in salmonids (see Milligan 1996) , the main interest was to determine whether or not variables recovered over time. Also of interest were possible differences among the vigorous, lethargic, and air-exposed groups of fish. Tests for both such differences were done through a two-factor analysis of variance (JMP, SAS Institute Inc., Cary, N.C.) with fixed effects for recovery time and fish condition, with interactions, and with a 5% significance level. All analyses were followed by appropriate multiple comparison tests to determine which means were significantly different (with Tukey or Bonferroni adjustments to reduce the experimentwise error rate to at most 5%). The swim-test data were also analyzed with an analysis of covariance, with fish condition as a factor and recovery time as a covariate.
Results
Visual observations
Vigorous fish were not refractory; they needed to be held firmly during transfer and remained active inside the Fraser box. The variable recovery period for vigorous fish prior to the swim test averaged 30 min (N = 8). Vigorous fish periodically thrashed about in the recovery box when left for fixed recovery periods. Lethargic fish, in contrast, were exhausted and ventilating on capture and recovered to a vigorous state in the Fraser box. The variable recovery period for lethargic fish prior to the swim test averaged 59 min (N = 8). Most "dead" fish were revived (29 out of 31 fish) and since only 6.5% actually died, we termed these fish asphyxiated. Asphyxiated fish, including those that were quite stiff at capture, resumed ventilation usually within 10 min of being placed in a Fraser box, and became moderately active after about 45 min.
Postcapture delayed mortality was monitoring in 87 fish following initial revival in a Fraser box. No mortality of lethargic or vigorous fish occurred (N = 56; 28 fish were used for tissue sampling, 14 fish were released without testing, and 14 fish were used for swim tests). Only two asphyxiated fish died, one in a Fraser box and one overnight in the netpen. Therefore, the overall 24-h postcapture delayed mortality rate was only 2.3%.
Out of 14 asphyxiated fish placed in a blue box, 7 died and 1 escaped, a revival rate of 50%. Out of the six revived fish transferred to a netpen, five survived for 24 h. Therefore, the 24-h postcapture delayed mortality rate for asphyxiated fish (either 62% (8/13 fish) or 57% (8/14 fish)) was almost 10-fold higher for the blue box than for the Fraser box.
Physiological status of coho salmon at capture and during recovery
Plasma and tissue variables
The physiological status of muscle and plasma sampled from all fish combined (Table 1) leaves no doubt that these wild coho salmon were physiologically exhausted and stressed as a result of capture. Muscle lactate (53.7 mmol·L -1 ) exceeded the level reported for severely exhausted rainbow trout by nearly 70%, muscle glycogen and PCr levels were low, and plasma cortisol levels were elevated.
Overall, fish revival in a Fraser box caused significant (P < 0.05) changes in hematocrit, plasma osmolality, plasma glucose, lactate, cortisol, Na + , and Cl -concentrations, and muscle lactate, glucose, and PCr concentrations ( Table 1) . Some of the changes occurring after 1 h were interpreted as signs of physiological recovery. Specifically, and compared with the variables for fish that were sampled immediately after capture, there were significant increases in muscle PCr and plasma glucose concentrations and a decrease in muscle lactate concentration. Significant recovery was also evident after 2 h in the form of a significant decrease in hematocrit, an increase in muscle glucose concentration, and a further decrease in muscle lactate concentration, as well as decreases in osmolality and plasma cortisol, Na + , and Cl -concentrations between 1 and 2 h. The decrease in plasma Cl -concentration could also represent partial ionic compensation for increased plasma lactate concentration (see McDonald and Milligan 1997) . Thus, while muscle metabolites recovered during the first hour of revival, plasma ion concentrations and osmolality were slower to recover, since there were significant increases in osmolality and plasma lactate, cortisol, and Na + concentrations after 1 h (Table 1) . Overall, recovery time had no significant effect on muscle glycogen and ATP concentrations and plasma K + concentration (Table 1 ). The physiological changes associated with revival of vigorous, lethargic, and air-exposed fish groups are summarized separately in Figs. 1, 2 , and 3, respectively. All three groups of fish exhibited a similar pattern of change during revival. Surprisingly, however, statistically significant differences as a function of recovery time within the fish groups were limited to ionic and osmotic variables. Vigorous fish had a significantly decreased muscle lactate concentration after 2 h and plasma Na + concentration was no longer significantly elevated (Fig. 1) . Plasma cortisol levels increased significantly in all three fish groups after 1 h revival. However, the limited changes over time within each treatment group should not detract from the overall finding that coho salmon showed significant physiological recovery. Statistically significant differences between vigorous and lethargic fish and between lethargic and air-exposed lethargic fish were limited to osmotic and ionic variables (Figs. 1 and  2) . Specifically, plasma osmolality and plasma Na + concentration were significantly higher in lethargic than in vigorous fish after 1 h recovery, while Na + and Cl -concentrations were both higher in lethargic fish after 2 h recovery. Thus, lethargic fish appeared to undergo a greater ion-osmoregulatory disturbance than vigorous fish. Though the difference was not sta- Table 1 . Effect of revival time on plasma and muscle variables in mature wild coho salmon (all fish independent of visual ranking) caught by commercial gillnet vessel: a comparison between no revival ("none"), 1-or 2-h revival periods in a Fraser recovery box on board the fishing vessel, and a 24-h revival period completed in a netpen.
tistically significant, vigorous fish tended to have initially lower plasma and muscle lactate levels and higher muscle PCr and glycogen levels, which recovered faster than those of lethargic fish. Two minutes of deliberate air exposure of lethargic fish had little effect on the variables measured. In airexposed fish compared with lethargic fish, only the plasma fish. An asterisk denotes a statistically significant (P < 0.05) difference from the respective value at capture. There were no statistically significant differences between the two recovery times.
Cl -level was significantly lower after 2 h. The initial muscle PCr concentration tended to be higher and muscle glycogen levels tended to be lower with air exposure.
The physiological status of coho salmon after 24 h (Table 1, Fig. 4 ) clearly shows that recovery continued in the netpen. Overall plasma lactate, glucose, Na + , and K + levels, osmolality, and muscle lactate and glucose levels were all significantly lower after 24 h than after 2 h recovery (Ta- Fig. 2 . Effect of recovery time on the physiological status of adult wild coho salmon captured by a commercial gillnet vessel and visually ranked as lethargic fish at capture (0 h). Muscle and plasma variables were measured after revival in a newly designed Fraser recovery box after either 1 h or 2 h. Values are presented as the mean ± standard error of the mean for 7-20 fish. An asterisk denotes a statistically significant (P < 0.05) difference from the respective value at capture. There were no statistically significant differences between the two recovery times. ble 1). Plasma cortisol decreased significantly to a level similar to that at capture, but hematocrit, plasma Cl -level, and muscle glycogen, ATP, and PCr levels did not change significantly (Table 1 ). That the muscle lactate level apparently remained elevated at around 20 mmol·kg -1 is a concern, but this could have resulted directly from the fish-capture method, which caused the netpen fish to struggle before sampling. Physiological recovery was also significant for Fig. 3 . Effect of recovery time on the physiological status of adult wild coho salmon captured by a commercial gillnet vessel and visually ranked as lethargic fish at capture (0 h) and then deliberately air-exposed for 2 min. Muscle and plasma variables were measured after revival in a newly designed Fraser recovery box after either 1 h or 2 h. Values are presented as the mean ± standard error of the mean for 7-20 fish. An asterisk denotes a statistically significant (P < 0.05) difference from the respective value at capture. There were no statistically significant differences between the two recovery times.
vigorous fish (Fig. 4) ; plasma lactate, glucose, Na + , and K + levels, osmolality, and muscle glucose level were all significantly (P < 0.05) lower after 24 h than after 2 h recovery.
Similarly, for lethargic fish, muscle lactate and glucose levels, plasma lactate, glucose, Na + , and K + levels, and osmolality were all significantly (P < 0.05) lower after 24 h Fig. 4 . Physiological status of adult wild coho salmon that recovered in a netpen for 24 h after capture by a commercial gillnet vessel. Fish were visually ranked at capture and before revival as either vigorous (V), lethargic (L), or asphyxiated (A). Muscle and plasma variables were measured after initial revival in a newly designed Fraser recovery box followed by transfer to the netpen. Values are presented as the mean ± standard error of the mean for 7-20 fish. An asterisk denotes a statistically significant (P < 0.05) difference from the corresponding value for a vigorous fish. A cross denotes a statistically significant (P < 0.05) difference between lethargic and asphyxiated fish.
than after 2 h recovery. Significant differences among vigorous, lethargic, and asphyxiated fish were limited to plasma ion concentrations and osmolality (Fig. 4) . Specifically, the plasma Cl -level was significantly lower in vigorous than in lethargic fish, while plasma Na + and Cl -levels were significantly lower and osmolality was significantly higher in vigorous than in asphyxiated fish. Osmolality was also significantly higher in lethargic fish than in asphyxiated fish.
Swimming performance
The majority of coho salmon, including those tested immediately after capture, were able to perform a rampvelocity swim test in the ocean (Table 2) . Out of 78 fish, 61 completed a swim test, a 78% success rate. The combined success rate for vigorous fish (81%; N = 31) did not differ from that for lethargic fish (77%; N = 47). However, after a 1 h 20 min recovery period, all vigorous fish and all but one of the lethargic fish successfully completed a swim test.
Coho salmon swam for at least 27 min and reached speeds >1.98 m·s -1 (>2.2 body lengths (BL)·s -1 ) after revival in a Fraser box for up to 2 h 20 min (Table 2 ). In particular, vigorous fish swam for over 30 min and reached speeds of up to 2.97 BL·s -1 after being revived for 1 h 20 min. U max did not change significantly with recovery time (P = 0.295) for either vigorous or lethargic fish. Compared with vigorous fish, lethargic fish tended to swim for shorter times and have a lower U max (P = 0.007) for a recovery time of <1 h.
Vigorous and asphyxiated coho salmon were also tested after a 24-h recovery period. Their U max values and total swim times were not significantly different. However, the swimming performance of the vigorous fish (1.98 BL·s -1 ) was significantly lower than that of vigorous fish tested after a 2 h 20 min recovery period (2.97 BL·s -1 ), a difference probably attributable to the difficulty of handling vigorous fish from the netpen (see the Discussion).
Discussion
Can commercially caught coho salmon be revived?
This is our second study broadly examining the physiological status of wild adult coho salmon immediately after capture by commercial salmon vessels. The primary focus of both the present and previous (Farrell et al. 2000 ) studies was to ascertain whether or not fish recovered physiologically when placed in a revival box. The present study with a Fraser box was particularly important because the blue-box design was shown previously to be ineffective at promoting significant metabolic recovery. In contrast to the results of our previous work with the blue box, our major conclusion is that a combination of soak times £ 70 min in duration, careful fish handling, and fish revival for up to 2 h in a Fraser box on board a commercial gillnet vessel promoted significant metabolic, ionic, and osmotic recovery. Furthermore, metabolic recovery was sufficiently quick that the majority of revived coho salmon could complete a rampvelocity swim test within 20 min of capture and reach velocities >1.5 m·s -1 . Thus, despite being initially exhausted and stressed as a result of capture, revived coho salmon were able to swim well. Perhaps the most pronounced benefit of the Fraser box was the successful revival of asphyxiated fish (those initially ranked as dead at capture), probably because it assisted gill ventilation when asphyxiated fish had stopped breathing for themselves. As a result, postcapture delayed mortality was only 2.3% (2 out of 87 fish) after 24 h of observation. Moreover, the Fraser box was almost 10 times more effective in reviving asphyxiated fish (only 6.5% mortality in this category of fish) than the older design blue box (at least 57% mortality after 24 h of observation). Therefore, we can conclude that the new design features of the Fraser box promoted revival of exhausted coho salmon more than the older design of blue box. The following discussion expands on these important findings.
Physiological status of fish at capture in the context of commercial salmon gillnet fishing
In the context of commercial gillnet fishing, our data suggest that live release of commercially caught nontarget coho is possible, provided appropriate fishing, handling, and recovery methods are employed. We found revival and improved physiological status in the vast majority of coho salmon. Therefore, had they been returned to the ocean, there was a high expectation that the revived fish could have completed their spawning migration, especially given the positive findings regarding swimming performance. Despite this optimism, the relevance of our findings to commercial salmon fishing has to be scrutinized. Had we used a normal commercial sockeye salmon fishing operation where coho salmon were by-catch, we were concerned that we might have jeopardized the statistical power of the experiments because of low sample sizes (fishing opportunities can be short and unpredictable and the incidence of coho salmon by- catch is normally low). Instead, to ensure sufficient coho salmon for each of the numerous treatment groups, we chose to target a healthy stock of coho salmon. We also employed modified commercial fishing gear and methods. Consequently, the present techniques and results still need to be validated in a commercial fishing operation with coho salmon as by-catch and with more than one commercial fishing vessel.
A potentially serious concern with targeting fish for experimental purposes is the possibility that inadvertently, captured fish were not as severely stressed as commercial bycatch might be and this in itself permitted successful fish revival. However, this clearly was not the case. Using both visual and physiological measures, the coho salmon captured for this study were severely stressed and exhausted when they were hauled on board the vessel. Some fish were lethargic, while others were asphyxiated and appeared dead. Furthermore, the physiological data are clearly consistent with the expected profile for a severely exhausted fish (Milligan 1996) . In particular, muscle lactate levels were as extreme as any measured previously either in rainbow trout chased to severe exhaustion or in Atlantic salmon (Salmo salar) angled to exhaustion (Booth et al. 1995; Wilkie et al. 1996; Brobbel et al. 1996) . Also, muscle glycogen levels were below detection limits in a number of fish at capture, especially the air-exposed fish. In addition, many variables were similar to those in our earlier study with a blue box. For example, at capture, plasma Na + levels (171.4 versus 168.6 mmol·L -1 ), osmolality (350.5 versus 355.2 mosmol), and muscle lactate levels (54.7 versus 53.7 mmol·kg -1 ) were comparable in the earlier study (see Table 1 in Farrell et al. 2000) and the present study, respectively. However, muscle PCr (2.36 versus 8.24 mmol·kg -1 ) and glycogen (2.04 versus 4.51 mmol·kg -1 ) levels were higher in the present study. There are two possible reasons for these differences. Foremost, the tissue-sampling protocol in the present study was more rapid and less stressful, and higher muscle PCr and glycogen levels could reflect fewer sampling artifacts in the present study. Second, by reducing the physical trauma to the fish, the modified fishing and handling methods may have been a contributing factor. However, rather than this being a limitation to the main conclusion of the study, we suggest that gillnet soak times of £ 70 min, use of an appropriate type of gillnet, and careful fish handling on board should be considered along with the Fraser box as components of the fishing methods, to ensure effective coho salmon revival. Furthermore, we recommend that the low mortality rates obtained in our controlled study (6.5% for asphyxiated fish and 2.3% overall) should be used as benchmarks when revival methods are tested and refined in a real-life commercial sockeye salmon gillnet fishery where coho salmon are by-catch. While "short" soak times were clearly integral to successful fish revival, our experiments do not directly address the question of how short they should be. Future experiments should be aimed at resolving this important question.
The visual ranking of fish as "dead" was clearly inappropriate when coho salmon were handled in the manner we used here. Of the 31 fish ranked as dead, 30 were revived in a Fraser recovery box and only 1 of these showed delayed mortality in the netpen. However, this high success rate in reviving asphyxiated fish was not observed with the older design blue box. We return to this point later in the Discussion.
What was the extent of physiological recovery during fish revival?
Fish revival resulted in a clear and significant return to a more normal status for muscle metabolites, based on what is known from laboratory experiments with rainbow trout. As expected, muscle lactate levels decreased during revival, while muscle glycogen, ATP, and PCr reached stable levels. While extensive comparisons of these physiological variables have been made elsewhere (Milligan 1996; Kieffer 2000; Farrell et al. 2000) , it is very important to note that a number of the variables we measured after 1 h recovery were different to those measured in our earlier study using a blue box (Farrell et al. 2000) . In particular, metabolic, ionic, and osmotic disturbances generally were less for coho salmon placed in a Fraser box than for those placed in a blue box (e.g., plasma Na + (179.6 versus 190.9 mmol·L -1 ) and plasma Cl -levels (145.6 versus 151.9 mmol·L -1 ), osmolality (355.2 versus 390.7 mosmol), and muscle lactate levels (39.9 versus 53.9 mmol·kg -1 )), while levels of muscle metabolites were higher (e.g., muscle glycogen (5.75 versus 2.02 mmol·kg -1 ) and muscle PCr (12.1 versus 1.14 mmol·kg -1 )) (this study and Table 1 in Farrell et al. 2000) . However, some of the variables (hematocrit, plasma lactate, K + , and glucose levels, and muscle glucose level) were comparable between the two studies.
The elevation in plasma cortisol levels during coho salmon revival in a Fraser box is new information and clearly shows that the fish remained severely stressed despite their metabolic recovery. We are unsure whether the increase in plasma cortisol during fish revival represents solely the expected increase in plasma cortisol levels that occurs 20-30 min following a stress or is an indication that the recovery box was an additional stressor. Some fish certainly thrashed around in the Fraser box because they were sufficiently well recovered to try to escape prior to the set sampling time, and this activity certainly could have further increased cortisol levels. Nevertheless, plasma cortisol levels decreased significantly in the second hour of recovery and had returned to the levels measured at capture following the 24-h recovery. Interestingly, coho salmon captured by commercial troll-fishing methods, placed in a cage alongside the vessel, and sampled approximately 2 h later had plasma cortisol levels that were not nearly as elevated as observed here (A.P. Farrell, P.E. Gallaugher, and R. Routledge, Simon Fraser University, unpublished data), even though the values at capture were in the same range. Similarly, Milligan et al. (2000) showed that swimming during recovery lowers plasma cortisol levels and promotes metabolic recovery of exhausted rainbow trout. Therefore, we suspect that confining coho salmon in a Fraser box does create an additional stress that elevates plasma cortisol levels. However, this stress must be weighed against the benefits of partial metabolic recovery and the revival of asphyxiated fish, benefits that were not apparent in the earlier study with a blue box. In any use of the Fraser box, therefore, variable recovery times linked to the activity observed in the fish should be considered, so that metabolic recovery can be maximized and stress minimized and fish can be returned to a situation when and where they can swim at a moderate speed. Perhaps ventilation rate could be used as an index of the decline in metabolic rate during recovery (e.g., Farrell et al. 1998 ).
An important question is whether the coho salmon were ever fully recovered. We lack reliable physiological data on rested adult coho salmon that would allow us to reach a definitive answer to this question, so for comparisons we must draw on data from adult salmonids of other species. A second problem is the large individual variation in two of the key muscle metabolites (PCr and glycogen). This variability certainly decreased statistical power and hampered the statistical resolution among mean values, which in some cases varied severalfold during revival. Interestingly, while netpen recovery decreased the individual variability in muscle lactate levels, osmolality, and plasma lactate, glucose, Na + , and K + levels, it did not do so for PCr and glycogen levels (variability in hematocrit and muscle ATP and muscle glucose levels was already quite low). For example, PCr levels ranged from 2 to 20 mmol·kg -1 at capture, from 3 to 27 mmol·kg -1 in the Fraser box, and from 4 to 31 mmol·kg -1 in the netpen. This suggests to us that the low PCr level in some individuals came about secondarily from fish reexhausting themselves either in the recovery box prior to an assigned sample time or when captured from the netpen. Routine muscle PCr levels are 25-35 mmol·kg -1 in adult Atlantic salmon (Booth et al. 1995; Wilkie et al. 1996; Burgetz et al. 1998 ) and rainbow trout (Scarabello et al. 1991; Milligan 1996) , and they are usually restored within 2-4 h following exhaustion. Therefore, PCr levels in revived coho salmon (12-15 mmol·kg -1 ) suggest at least 50% recovery of this important fuel. Some individuals with PCr levels >20 mmol·kg -1 after a 2-h revival period may have approached full recovery of PCr. Curiously, for netpen recovery, asphyxiated fish had the highest average PCr level (21.2 mmol·kg -1 ) and yet were clearly the most debilitated at capture. Since these fish were rather inactive when removed from the netpen, we suspect that PCr recovery was underestimated to some degree in vigorous fish sampled from the netpen as a result of fish struggling.
The muscle glycogen level (8.7 mmol·kg -1 ) was not fully restored in the recovery box because higher levels were measured following netpen recovery. It is well established that glycogen recovery is slower than PCr recovery (Milligan 1996; Pagnotta and Milligan 1991) . Also, glycogen recovery is reportedly slower at low temperature (Wilkie et al. 1997) and when muscle lactate levels exceed 56 mmol·kg -1 (Stevens and Black 1966) , as was often the case here. Depending on the feeding status of the fish, muscle glycogen levels in salmonids typically vary between 10 and 40 mmol·kg -1 (e.g., Hochachka and Sinclair 1962; Scarabello et al. 1991; Kieffer and Tufts 1998) . Given that muscle lactate levels increased to over 50 mmol·kg -1 , we would expect muscle glycogen to be normally around half of this value (i.e., 25 mmol·kg -1 ) in these coho salmon. Consequently, our finding that the muscle glycogen level was restored to 17.1 mmol·kg -1 in vigorous fish and 24.0 mmol·kg -1 in asphyxiated fish suggests that muscle glycogen levels were probably close to being fully restored 24 h post capture.
The corollary of muscle glycogen not being fully restored in the recovery box is that muscle lactate levels were significantly elevated. We anticipated that muscle lactate could recover to levels as low as 10 mmol·kg -1 (Milligan et al. 2000) but, as noted above, this was not the case. Nevertheless, even with some minor uncertainties, we measured significant metabolic recovery under these difficult field conditions. Metabolic recovery generally preceded ionic and osmotic recovery during the first 2 h. Nevertheless, after a 24-h recovery, in coho salmon held in netpens, plasma lactate and K + levels were apparently restored to 1.7 mmol·L -1 and plasma cortisol was restored to a level comparable to that measured immediately after capture. (The low plasma K + level at 24 h is comparable to routine plasma levels in rested fish, which suggests to us that the elevated plasma K + levels post capture were caused by exhaustive exercise and not by contamination from muscle tissue, something that is possible when blood is sampled from caudal vessels.) The plasma cortisol levels we measured here for adult coho salmon in seawater were an order of magnitude higher than those in rested juvenile salmonids in fresh water (10-60 ng·mL -1 ). However, migrating adult Pacific salmon have been characterized as having a proliferation of interrenal tissue and plasma corticosteroid levels 3-9 times higher than in immature salmon (e.g., Robertson et al. 1961) . Thus, plasma cortisol levels in mature coho salmon may be routinely higher than those we have come to expect in freshwater salmonids (see Milligan 1996) , but this issue will not be resolved until studies with arterial cannulae are performed on rested adult coho salmon. Kieffer and Tufts (1998) showed that fish size had an influence on metabolic recovery after exhaustion. We did not systematically investigate this possibility for two reasons. First, the size difference in our fish was only 44% compared with a 10-fold difference in the earlier study. Second, the initial state of exhaustion was not controlled in the same manner as in Kieffer and Tufts (1998) . Thus, in the present study, the possibility that fish size could play a factor in metabolic recovery is not discounted. Rather, it is unlikely that the present experimental design would resolve such effects.
Most revived fish apparently swam surprisingly well after only a short revival period. Even so, it is important to examine how well the fish swam. U max was measured in a novel, field-based swim test because this did not take as long to conduct as a conventional critical swim speed (U crit ) test. Unfortunately, there are no published values for either U max or U crit for adult coho salmon against which the present findings can be compared. However, laboratory studies have shown that U max for adult rainbow trout (tested with a similar acceleration of 0.08 cm·s -2 ) is about 36% higher than the conventional U crit (A.P. Farrell and P. Bowering, Simon Fraser University, unpublished data), and reported U crit values for mature sockeye salmon (Oncorhynchus nerka) at 18-20°C range from 1.5 to 2.3 BL·s -1 (Brett and Glass 1973; Jain et al. 1998; Farrell et al. 1998) . Therefore, it is not unreasonable to predict that U max capacity for coho salmon is around 3.08 BL·s -1 (i.e., 36% higher than the highest U crit value of 2.3 BL·s -1 ). Therefore, given that our highest U max value was 2.96 BL·s -1 , we suggest that this speed represents the full U max capacity for coho salmon in this type of swim test, and we have used this value to estimate to what extent and how quickly swimming performance was restored in other groups of fish. For example, 80% of vigorous coho salmon recovered 93% of the predicted U max capacity within 20 min. A 1 h 20 min revival ensured that all vigorous fish swam at maximal capacity. Thus, in contrast to Paulik et al. (1957) , who reported that adult coho salmon required several hours to recover swimming capacity after an initial exhaustive swimming bout, we suspect that adequate recovery of vigorous wild coho salmon can occur within minutes. Lethargic fish swam at 75% of predicted U max capacity after 20 min revival, and at 86% of predicted U max capacity after 1 h 20 min revival.
The swim-test results are important because they suggest that coho salmon, once appropriately revived, may have sufficient swimming capacity to avoid capture by nearby marine mammals, avoid recapture by fishers, and complete their spawning migration. However, while most vigorous and lethargic fish can swim rapidly after only a 20-min recovery period, we add the cautionary note that the fish were given a chance to increase their swimming speed slowly. Also, the conspicuously low U max value for vigorous fish (67% of predicted U max capacity) after netpen recovery suggests to us that revival for £ 10 min may not be sufficient (these fish did not have an additional 10-min recovery in the transporter box). Therefore, the swim tests have not directly addressed the issue of migration ability or avoidance behaviours. Consequently, future studies using tagged fish and tests of sprint performance would be particularly useful in resolving these issues.
We are left with a difficult decision regarding a recommendation as to when revived nontarget coho salmon should be returned to the ocean. Certainly a fixed recovery time period is inappropriate if fish are to be released at their peak of recovery. Therefore, we recommend that fish should be released when they first show signs of significant activity in the Fraser box; this would preclude the possibility of fish reexhausting and stressing themselves further while trying to escape. Lethargic fish would benefit from a revival period of at least 20 min and ideally up to 1 h 20 min, at which time swimming performance might be nearly fully restored. Truly vigorous fish could be returned directly to the ocean, where they would complete their recovery in a natural environment.
Since vigorous fish swam well but were not fully recovered, it seems likely that full metabolic recovery is not a prerequisite for U max swimming performance. A similar claim was made in earlier studies using repetitive U crit tests (Jain et al. 1997 (Jain et al. , 1998 Farrell et al. 1998) . We found that lethargic fish tended to recover more slowly and swim more slowly than vigorous fish. Our inability to statistically resolve such potentially important associations may go beyond the fact that the present study was performed under difficult field conditions and point to the fact that exhausted fish can recover their swimming performance more rapidly than we can reliably measure it. However, until we can get nearinstantaneous, nonstressful muscle biopsies from exhausted fish, this issue will not be fully resolved.
Deliberate air exposure did not produce marked changes in the status of the lethargic coho salmon. In contrast, Ferguson and Tufts (1992) demonstrated that 60 s air exposure following an exhaustive swim by rainbow trout further increased plasma lactate levels and slowed recovery compared with fish that did not experience air exposure. The coho salmon in the present study were more exhausted at capture than the rainbow trout and this in itself may have limited the consequences of air exposure. However, it is worth noting that muscle glycogen levels tended to be lower in coho salmon after air exposure and this may explain the tendency towards slower recovery of muscle glycogen and ATP levels in fish in the Fraser box. Conversely, the trend towards higher PCr levels in air-exposed coho salmon at capture may simply reflect the fact that the fish were 2 min further into the recovery process than non-air-exposed lethargic fish. While the effects of air exposure were difficult to resolve, it was clear that lethargic fish suffered greater ionic and osmotic disturbances than vigorous fish. Whether this difference represents greater physical exertion prior to being hauled on board or simply a longer elapsed time since the fish fatigued in the gillnet is unclear.
Delayed mortality
As mentioned above, previous work with adult salmon showed that as many as 75% of captured fish can die within 24 h. In fact, Fisheries and Oceans Canada currently assesses commercial gillnet salmon fishers in British Columbia with a 60% mortality rate for coho salmon by-catch. Therefore, the present findings of no mortality among over 300 vigorous and lethargic coho salmon after 2 h revival in a Fraser box and only 2.3% coho mortality after 24 h revival in a netpen is a very encouraging improvement. The 24-h delayed mortality is similar to that reported in our previous study (2.4% mortality after 24 h; Farrell et al. 2000 ). An unresolved concern is the possibility that adult salmon, like non-salmonids (e.g., Olla et al. 1997) , incur delayed mortality after 24 h. Consequently, further studies are needed to examine the longer term fate of revived coho salmon.
Previous studies have suggested that delayed mortality might be related to elevated plasma lactate levels and glycogen depletion (see Black 1958; Hochachka and Sinclair 1962; Wardle 1978) , and that survival increases when this increase in plasma lactate is prevented. More recently, Milligan et al. (2000) showed that exhausted rainbow trout recovered faster if allowed to swim rather than remain stationary. This rapid recovery was also associated with low plasma lactate and cortisol levels. Similarly, mature coho salmon placed in a cage alongside a commercial troll vessel to recover while swimming slowly to keep pace with the vessel as it continued fishing activities also had lower plasma lactate and cortisol levels during recovery than those measured here, and showed no delayed mortality (A.P. Farrell, P.E. Gallaugher, and R. Routledge, Simon Fraser University, unpublished data). However, we observed a low rate of delayed mortality even though plasma lactate levels were >20 mmol·L -1 . Therefore, we suspect that the forced ventilation in the Fraser box promoted partial metabolic recovery, as well as recovery of swimming performance, and this was sufficient to largely prevent delayed mortality after 24 h. However, forced ventilation did not prevent the elevation in plasma lactate and cortisol levels, which may have long-term effects that still need to be investigated. Perhaps moderate swimming activity and low cortisol levels are key factors in preventing release of muscle lactate to the plasma and this may be of benefit in the longer term management of energy stores in skeletal muscle. At present, mechanistic ex-planations for the recovery of exhausted fish and delayed mortality remain incomplete.
